Based on regularities in rotational splittings, we seek possible multiplets for the observed frequencies of CoRoT 102749568. Twenty-one sets of multiplets are identified, including four sets of multiplets with l = 1, nine sets of multiplets with l = 2, and eight sets of multiplets with l = 3. In particular, there are three complete triplets (f 10 , f 12 , f 14 ), (f 31 , f 34 , f 35 ), and (f 41 , f 43 , f 44 ). The rotational period of CoRoT 102749568 is estimated to be 1.34 +0.04 −0.05 days. When doing model fittings, three l = 1 modes (f 12 , f 34 , and f 43 ) and the radial first overtone f 13 are used. Our results shows that the three nonradial modes (f 12 , f 34 , and f 43 ) are mixed modes, which mainly provide constraints on the helium core. The radial first overtone f 13 mainly provides constraint on the stellar envelope. Hence the size of the helium core of CoRoT 102749568 is determined to be M He = 0.148 ± 0.003 M ⊙ and R He = 0.0581 ± 0.0007 R ⊙ . The fundamental parameters of CoRoT 102749568 are determined to be M = 1.54 ± 0.03 M ⊙ , Z = 0.006, f ov = 0.004 ± 0.002, log g = 3.696 ± 0.003, T eff = 6886 ± 70 K, R = 2.916 ± 0.039 R ⊙ , and L = 17.12 ± 1.13 L ⊙ .
INTRODUCTION
Thanks to the space missions, MOST (Walker et al. 2003) , CoRoT (Baglin et al. 2006) , and Kepler (Borucki et al. 2010) , many δ Scuti stars are observed precisely (e.g., HD 144277 (Zwintz et al. 2011) , HD 50844 (Poretti et al. 2009 ), and KIC 9700322 ). In particular, a large number of pulsation frequencies are detected in the light curves of some δ Scuti stars, such as HD 174936 (García Hernández et al. 2009 ), HD 50870 (Mantegazza et al. 2012) , and HD 174966 (García Hernández et al. 2013 ). Due to the complexity of the frequency content, it is very difficult to disentangle the whole spectra of δ Scuti stars. Recently, Paparó et al. (2016) developed a sequence search method, and found a large number of series of quasi-equally spaced frequencies in 77 δ Scuti stars. Besides, Chen et al. (2016) attempted to interpret the frequency spectra of the δ Scuti star HD 50844 using the rotational splitting.
CoRoT 102749568 was observed from 24 October 2007 to 3 March 2008 (∆T = 131 days) by CoRoT during the first long run in the anti-centre direction (LRa01). Guenther et al. (2012) classified the δ Scuti star CoRoT 102749568 as an F1 IV star on the basis of the low-resolution R = 1300 spectra, which were observed in January 2009 with AAOmega multi-object spectrograph mounted on Anglo-Australian 3.9-m Telescope. Paparó et al. (2013) converted the spectral type F1 IV of CoRoT 102749568 into effective temperature T eff and gravitational acceleration logg using the calibrated values from Straizys & Kuriliene (1981) , and then obtained T eff = 7000 ± 200 K and logg = 3.75 ± 0.25 by means of fitting AAOmega spectra with stellar atmosphere models of Kurucz (Kurucz 1979) . Moreover, Paparó et al. (2013) obtained υ sin i = 115 ± 20 km s −1 from the high-resolution R = 85000 spectra, which were observed with Mercator Echelle Spectrograph mounted on 1.2−m Mercator Telescope of Roque de los Muchachos Observatory. Furthermore, Paparó et al. (2013) extracted a total of 52 independent pulsation frequencies from the CoRoT timeseries. These frequencies are listed in Table 1 . They identified the oscillation frequency 9.702 d −1 with the largest amplitude as the radial first overtone with the method of multi-colour photometry. Moreover, Paparó et al. (2013) identified other 11 frequencies based on the regularities in frequency spacings.
Mode identification is very important for the asteroseismic study of pulsation stars. For a rotating star, the regularities due to rotational splitting in observed frequencies help us much to identify their spherical harmonic degree l and azimuthal number m. Based on the rotational splitting law of g modes, we successfully disentangled the frequency spectra of the δ Scuti star HD 50844 (Chen et al. 2016) . That motivates us to analyze another δ Scuti star CoRoT 102749568 with the same method. In Section 2, we propose our mode identification by means of rotational splitting. In Section 3, we describe the details of input physics and model calculations. Input physics are described in Section 3.1, model grids are elaborated in Section 3.2, and the optimal model are analyzed in Section 3.3. We discuss our results in Section 4, and summarize the results in Section 5.
MODE IDENTIFICATION BASED ON ROTATIONAL SPLITTING
A pulsation mode is characterized by three indices, i.e., the radial order k, the spherical harmonic degree l, and the azimuthal number m (Christensen-Dalsgaard 2003). The azimuthal number m are degenerate for a spherically symmetric star. Namely, modes with the same k and l but different m have the same frequency. Stellar rotation will break the structure of spherical symmetry and result in frequency splitting, i.e., one nonradial pulsation frequency will spilt into 2l + 1 different frequencies. According to the theory of stellar oscillation, a general formula for rotational splitting is described as (Aerts et al. 2010) 
In Equation (1), β k,l is the rotational parameter measuring the size of rotational splitting and P rot the rotational period. For high-degree or high-order p modes, β k,l ≃ l. Values of rotational splitting for pulsation modes with different spherical harmonic degree l are the same. For high-order g modes, (Brickhill 1975) . The rotational splitting derived from l = 1 modes and those from l = 2 modes and l = 3 modes conform to the relation δν k,l=1 : δν k,l=2 : δν k,l=3 = 0.6 : 1: 1.1 (Winget et al. 1991) . Based on these regularities in rotational splittings, we analyze the frequency spectra of CoRoT 102749568 and list possible multiplets in Table 2 .
It can be noticed in Table 2 that we find twenty-one sets of multiplets, including three different types of rotational spliting. The averaged frequency splitting δν 1 is 4.451 µHz for Multiplet 1, 2, 3, and 4. The averaged frequency splitting δν 2 is 7.453 µHz for Multiplet 5, 6, 7, 8, 9, 10, 11, 12, and 13 , and the averaged frequency splitting δν 3 is 8.176 µHz for Multiplet 14, 15, 16, 17, 18, 19, 20, and 21 . For these frequency differences in Table 2 , we find that some of them approximate to the corresponding averaged value δν 1 , δν 2 , or δν 3 (e.g., Miltiplet 1, 2, 3, and 5), and some of them are several times that of the corresponding average value (e.g., Multiplet 4, 11, 12, and 13). Moreover, we find that the ratio of δν 1 : δν 2 : δν 3 is 0.597 : 1.0 : 1.097, which agrees well with the property of g modes. As shown in Figure 1 , the δ Scuti star CoRoT 102749568 is in the post-main-sequence evolution stage with a contracting helium core and an expanding envelope. Such stellar structure may reproduce these behaviors of rotational splitting.
Based on the property of rotational splitting for g modes, we identify frequencies in Multiplet 1, 2, 3, and 4 as l = 1 modes, frequencies in Multiplet 5, 6, 7, 8, 9, 10, 11, 12 , and 13 as l = 2 modes, and frequencies in Multiplet 14, 15, 16, 17, 18, 19, 20 , and 21 as l = 3 modes. Furthermore, we find that the azimuthal number m of pulsation modes in Multiplet 1, 2, 3, 4, 6, and 13 can be uniquely identified, and the azimuthal number m of pulsation modes in other multiplets allow of several possibilities (e.g., three possibilities for pulsation modes in Multiplet 5).
Finally, there are three unidentified frequencies f 4 , f 40 , and f 52 , which do not show frequency splitting. Frequencies f 4 and f 10 have a difference of 29.789 µHz, about four times that of δν k,l=2 . However, f 10 has been regarded as one component of Multiplet 1. Multiplet 1 consists of three components, being a complete triplet. Frequencies f 10 and f 12 have a difference of 4.485 µHz, which agree well with the difference 4.399 µHz between f 12 and f 14 . Besides, modes with lower degree l are easier to be observed because of the effect of geometrical cancellation. Frequencies f 27 and f 40 have a difference of 48.847 µHz, about six times that of δν k,l=3 . Similarly, the frequency f 27 has been identified as one component of Multiplet 14. Frequencies f 48 and f 51 have a difference 29.712 µHz, about four times that of δν k,l=2 . Frequencies f 48 and f 52 have a difference of 40.597 µHz, about five times that of δν k,l=3 . The spherical harmonic degree of f 48 allows of two possibilities, l = 2 or l = 3. For the former case, the azimuthal number m of f 48 and f 51 are determined to be m = (−2, +2). This case is listed in Table 2 . The azimuthal number of the latter case allows of two possibilities, i.e., m = (−3, +2) and (−2, +3).
Based on the above analyses, the detection of triplets, quintuplets, and septuplets helps us to identify four sets of multiplets with l = 1, nine sets of multiplets with l = 2, and eight sets of multiplets with l = 3. Owing to the deviations from the asymptotic expression, we find in Table 2 that slight differences of the rotational splitting exist in different multiplets (e.g., in Multiplet 8 and 9). Besides, slight differences also exist in the same multiplet (e.g., in Multiplet 1). Furthermore, we find in Table 2 that there are only two components in Multiplet 4, 7, 8, 9, 10, 11, 12, 13, 15, 16, 17, 18, 19, 20, and 21 . Different physical origins are also possible, such as the large separation led by the so-called island modes (García Hernández et al. 2013; Lignières et al. 2006 ) and the phenomenon of avoided crossings (Aizenman et al. 1977) . The δ Scuti star CoRoT 102749568 is a slightly evolved star, the occurrence of avoided crossings will make the frequency spectra more complex. From the observed frequency spectra of CoRoT 102749568, it is difficult to find the signs of avoided crossings. Hence the phenomenon of avoided crossings is not considered in our work.
INPUT PHYSICS AND MODEL CALCULATIONS
3.1. Input physics All of our theoretical models are computed with the Modules for Experiments in Stellar Astrophysics (MESA), which is developed by Paxton et al. (2011 Paxton et al. ( , 2013 . We use the socalled module pulse from version 6596 to calculate stellar evolutionary models and their corresponding pulsation frequencies (Christensen-Dalsgaard 2008; Paxton et al. 2011 Paxton et al. , 2013 In our calculations, the OPAL opacity table GS98 (Grevesse & Sauval 1998) series are adopted. We use the T − τ relation of Eddington grey atmosphere in the atmosphere integration, and choose the mixing-length theory (MLT) of Böhm-Vitense (1958) to treat convection. Based on numerical calculations, we find that theoretical evolutionary models are not sensitive to the mixing-length parameter. However, the values of β k,l of theoretical models with slightly higher α MLT agree better with asymptotic values of g modes, hence α MLT = 2.2 is adopted in our work. Moreover, we find that theoretical models without convective core overshooting can not reproduce those observed multiplets. Hence we introduce the convective core overshooting in our calculations.. For the overshooting mixing of the convective core, we adopt an exponentially decaying prescription. Following Freytag et al. (1996) and Herwig (2000) , we introduce an overshoot mixing diffusion coefficient
In Equation (2), D 0 is the convective mixing coefficient, z the distance into radiative zone away from the boundary of convective core, H p the pressure scale height, and f ov an adjustable parameter describing the efficiency of the overshooting mixing. In our calculations, we set the lower limit of the diffusion coefficient D limit ov = 1 × 10 −2 cm 2 /s, below which no element mixing is allowed. In addition, effects of rotation and element diffusion are not considered in our work.
Model grids
The internal structure and the evolutionary track of a star depend on the initial mass M , the initial chemical composition (X, Y, Z), and the overshooting parameters f ov . A grid of theoretical models are computed with MESA, M varying from 1.5 M ⊙ to 2.2 M ⊙ with a step of 0.01 M ⊙ , Z varying from 0.005 to 0.030 with a step of 0.001, and f ov varying from 0 to 0.016 with a step of 0.001. In our calculations, we choose the initial helium fraction Y = 0.245 + 1.54Z (e.g., Dotter et al. 2008; Thompson et al. 2014; Tian et al. 2015) as a function of mass fraction of heavy-elements Z.
Theoretical models for each star are computed from the zero-age main sequence to post-main-sequence stage. The error box in Figure 1 corresponds to the observed stellar parameters, i.e., the effective temperature 6800 K < T eff < 7200 K and the gravitational acceleration 3.50 < logg < 4.00. We calculate frequencies of oscillation modes with l = 0, 1, 2, and 3 for every stellar model which falls inside the error box along the evolutionary track.
Optimal models
We try to use theoretical oscillation frequencies derived from a grid of evolutionary models to fit those of identified pulsation modes. According to the analyses in Section 2, mode identifications are unique only in Multiplet 1, 2, and 3 and their m = 0 components are observed. When doing model fittings, we hence use four identified pulsation modes, i.e., three l = 1 modes (f 12 , f 34 , and f 43 ) and the radial first overtone f 13 . Paparó et al. (2013) identify the frequency f 13 with the largest amplitude as the radial first overtone with the method of multi-colour photometry. In our calculations, we use the identification of f 13 as the radial first overtone. When doing model fittings, we use the following criterion
where ν obs i is the observed frequency, ν theo i the theoretically calculated frequency, and n the amount of the observed frequencies. Figure 2 shows the plot of 1/χ 2 to the effective temperature T eff for all theoretical models. Each curve in Figure 2 corresponds to one theoretical evolutionary track. In Figure 2 , the filled circles correspond to seven candidate models of CoRoT 102749568 in Table 3 . Christensen-Dalsgaard (2003) defines the general expression of the rotational parameter β k,l of a pulsation mode for a rigid body as
where the subscripts "r" and "h" correspond to the radial displacement and the horizontal displacement, ρ denotes the local density, and L 2 = l(l + 1). Based on the asymptotic behavior of the eigenfunctions of high-order g modes, β k,l can be simplified as being the asymptotic value 1− 1 L 2 . According to asymptotic value of g modes, β k,l=1 = 0.5, β k,l=2 = 0.833, and β k,l=3 = 0.917.
For the three identified l = 1 modes f 12 , f 34 , and f 43 , their corresponding β k,l of these candidate modes are listed in Table 4 . In Table 4 , rotational parameters β k,l of observed frequencies are asymptotic values of g modes based on Equation (1). It can be found in Table 4 that theoretical values of β k,l for Model 1, 2, 3, and 7 significantly deviate from those asymptotic values of g modes. We therefore exclude these four models from our considerations. The physical parameters of CoRoT 102749568 are obtained based on Model 4, 5, and 6. These parameters are listed in Table 5 . In our work, we select the theoretical model (Model 4) with minimum value of χ 2 = 0.016 as the optimal model. Its theoretical evolutionary track corresponds to the curve in Figure 1 .
Theoretical pulsation frequencies of the optimal model are listed in Table 6 , in which n p is the amount of radial nodes in the propagation of p modes and n g the amount of radial nodes in the propagation of g modes. We notice in Table 6 that most of the pulsation modes are gravity and mixed modes. Figure  3 shows the plot of β k,l to theoretical pulsation frequencies for the optimal model. We can find in Figure 3 that most of β k,l are in good agreement with the asymptotic value of g modes. These pulsation modes possess more pronounced g-mode features. Besides, there are several pulsation modes, whose β k,l obviously deviate from the asymptotic values of g modes. They have more pronounced p-mode features.
Comparisons of results of pulsation frequencies in Table 2 are listed in Table 7 . The m = 0 pulsation frequencies in columns denoted with ν theo are derived from m = 0 modes according to Equation (1). The filled circles in Figure 3 correspond to m = 0 components of the multiplets in Table 7 . It can be noticed in Table 7 that m = 0 components in Multiplet 1, 2, 3, 5, 9, 10, 14, and 18 are observed, while m = 0 components in Multiplet 4, 6, 7, 8, 11, 12, 13, 15, 16, 17, 19, 20 , and 21 are absent. In Figure 3 , we notice that β k,l of m = 0 components in Multiplet 1, 2, 3, 5, 9, 10, 14, and 18 agree well with the asymptotic value of g modes. For Multiplet 4, 6, 7, 8, 11, 12, 15, 16, 17, 19, 20 , and 21, β k,l of their corresponding m = 0 components are also in accordance with Equation (1). Moreover, we find that β k,l of corresponding m = 0 components in Multiplet 13 are slightly larger than the asymptotic value from Equation (1). These results also proves that our approach of mode identification based on the rotational splitting of g modes is self-consistent.
Finally, we try to do mode identification for the three isolated pulsation frequencies based on the optimal model, and list them in Table 8 . We notice in Table 8 that there are two possible model counterparts for f 4 , i.e., (1, 0, −51, −1) 76.394 µHz and (2, 0, −117, +2) 76.303 µHz. For f 40 , (2, 3, −35, +2) 190.803 µHz may be possible model counterpart. According the analyses in Section 2, the spherical harmonic degree of f 48 allows of two possibilities, i.e., l = 2 and l = 3. When identifying f 48 and f 51 as being two l = 2 modes, their possible model counterparts are listed in Table 7 . If f 48 and f 52 are identified as being two l = 3 modes, there are no suitable model counterparts for them.
DISCUSSIONS
When doing model fittings, we use four identified pulsation modes including the radial first overtone f 13 and three l = 1 modes (f 12 , f 34 , and f 43 ). Figure 4 shows the propagation diagram of the optimal model. Based on the default parameters, we adopt the position where the hydrogen fraction X cb = 0.01 as the boundary of the helium core. The outer zone is the stellar envelope, and the inner zone is the helium core. The vertical curves in Figures 4 and 5 indicate the boundary of the helium core. Figure 5 shows the scaled eigenfunctions of the radial first overtone and the three l = 1 nonradial pulsation modes. It can be seen clearly in Figure 5 that the radial first overtone mainly propagates in the stellar envelope, and therefore mainly provide constraints on the stellar envelope. For the three nonradial pulsation modes, Figure 5 shows that they behave g-mode features in the helium core and p-mode features in the stellar envelope. Then the three nonradial pul-sation modes mainly provide constraints on the helium core.
Following Chen et al. (2016) , we introduce two asteroseismic parameters, i.e., the acoustic radius τ 0 and the period separation Π 0 . The acoustic radius τ 0 is a significant physical parameter in the asteroseismic study. The acoustic radius τ 0 carries information on the stellar envelope (e.g., Ballot et al. 2004; Miglio et al. 2010; Chen et al. 2016) . The acoustic radius τ 0 is defined as (Aerts et al. 2010 )
in which R is the stellar radius and c s the adiabatic sound speed. According to Equation (5), the value of acoustic radius τ 0 is mainly dominated by the profile of c s inside the stellar envelope.
According to the theory of stellar oscillations, g-mode oscillations are gravity waves. They mainly propagate inside the helium core. Their properties can be characterized by Π 0 , which is defined as (Unno et al. 1979; Tassoul 1980; Aerts et al. 2010) , where N is the Brunt-Väisälä frequency. According to Equation (6), Π 0 is mainly dominated by the profile of Brunt-Väisälä frequency N inside the helium core.
To fit the four pulsation modes (f 12 , f 13 , f 34 , and f 43 ), both the helium core and the stellar envelope of the theoretical model need to be matched to the actual structure of CoRoT 102749568. It can be found in Table 3 that τ 0 and Π 0 of the three preferred models (Model 4, 5, and 6) are very close. This is because they are nearly alike in structure. Thus the size of the helium core of CoRoT 102749568 is determined to be M He = 0.148 ± 0.003 M ⊙ and R He = 0.0581 ± 0.0007 R ⊙ . The errors are estimated on basis of the deviations of the helium cores of Model 5 and 6 from that of Model 4.
According to Equation (1), the rotational period P rot of the δ Scuti star CoRoT 102749568 is determined to be P rot = 1.34 +0.04 −0.05 days. Meanwhile, we find in Table 5 that the theoretical radius R of CoRoT 102749568 is 2.916 ± 0.039 R ⊙ . According to υ rot = 2πR/P rot , the rotational velocity at the equator is then deduced to be υ rot = 109.8 +6.4 −4.6 km s −1 , which is in agreement with the value of υ sin i = 115 ± 20 km s −1 (Paparó et al. 2013) .
It should be noticed that Equation (1) only contains the firstorder effect of rotation C 1 m/P rot , in which
The second-order effect of rotation is derived by Dziembowski & Goode (1992) as being
2L 4 (4L 2 −3) . The ratio of the second-order effect and the first-order effect is then deduced to be φ l = C2 C1 m Protν k,l,0
. Assuming ν k,l,0 = 100 µHz, the absolute value of φ l=1 is estimated to be 0.0043, φ l=2 to be 0.0141|m|, and φ l=3 to be 0.0073|m|. For pulsation modes with l = 1, the second-order effect is 0.43% that of the first-order. For pulsation modes with l = 2 and l = 3, the ratios φ l=2 and φ l=3 are in direct proportion to the azimuthal number m. The second-order effect is 2.82% that of the first-order for modes with l = 2 and |m| = 2. The second-order effect is 2.19% that of the first-order for modes with l = 3 and |m| = 3. In brief, the second-order effect of stellar rotation is much less than that of the first-order. Hence the second-order effect of rotation is not considered in our work. Finally, our model fitting results show that a slight increase in the convective core size is essential to explain these multiplets. There are two different ways to increase the convective core size, i.e., convective core overshooting (Herwig 2000; Li & Yang 2007; Zhang 2013 ) and rotation (Eggenberger et al. 2010; Girardi et al. 2011 ). Maeder & Meynet (2000) and Yang et al. (2013) found that the effects of rotation on stellar structure and evolution depend on the masses of stellar models. Moreover, Yang et al. (2013) noticed that 2.05 M ⊙ is a critical mass. Rotation results in an increase in the convective core size for stars with M > 2.05 M ⊙ . The effect is similar to that of the convective core overshooting. However for stars with M < 2.05 M ⊙ , rotation leads to a decrease in the convective core size. The optimal model in our work corresponds to a star with M = 1.54M ⊙ , Z = 0.006, f ov = 0.004. According to the analyses of Yang et al. (2013) , rotation will result in a slight decrease in the convective core size. If the effects of rotation are included in theoretical evolutionary models, a larger convective core overshooting may be indispensable.
SUMMARY
In this work, we carry out asteroseismic analyses and numerical calculations for the δ Scuti star CoRoT 102749568. The main results are concluded as follows:
1. We identify twenty-one sets of multiplets using the regularities in rotational splittings, including four sets of multiplets with l = 1, nine sets of multiplets with l = 2, and eight sets of multiplets with l = 3. In particular, there are three complete triplets, i.e., (f 10 , f 12 , f 14 ), (f 31 , f 34 , f 35 ), and (f 41 , f 43 , f 44 ). The rotational period P rot is estimated to be 1.34
+0.04
−0.05 days according to the frequency differences in these multiplets.
2. Based on our model calculations, the δ Scuti star CoRoT 102749568 is in post-main-sequence evolution stage. The stellar parameters of the δ Scuti star CoRoT 102749568 are determined to be M = 1.54 ± 0.03 M ⊙ , Z = 0.006, f ov = 0.004 ± 0.002, log g = 3.696 ± 0.003, T eff = 6886 ± 70 K, R = 2.916 ± 0.039 R ⊙ , and L = 17.12 ± 1.13 L ⊙ .
3. Based on our optimal model, we notice that most of the oscillation frequencies are mixed modes. The radial first overtone f 13 mainly provides constraints on the stellar envelope. The three nonradial pulsation modes f 12 , f 34 , and f 43 possess more pronounced g-mode features, which mainly provide constraints on the helium core. The property of the stellar envelope is characterized by the acoustic radius τ 0 , and the property of the helium core is characterized by the period separation Π 0 . Finally, the size of the helium core of CoRoT 102749568 is determined to be M He = 0.148 ± 0.003 M ⊙ and R He = 0.0581 ± 0.0007 R ⊙ . This work is funded by the NSFC of China (Grant No. 11333006, 11521303, 11503079, and 11563001) and by the foundation of Chinese Academy of Sciences (Grant No. XDB09010202). The authors gratefully acknowledge the computing time granted by the Yunnan Observatories, and provided on the facilities at the Yunnan Observatories Supercomputing Platform. The authors are sincerely grateful to an anonymous referee for instructive advice and productive suggestions. The authors are also very grateful to the suggestions from Q.-S. Zhang, T. Wu, and J. Su. Table 7 . 
